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Subscripts: 

abr 

NN 

nuc 

P 

PF 
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nuclear mass number 

average slope parameter of nucleon-nucleon scattering amplitude, fin* 
projectile impact parameter vector, fm 

binomial coefficient 

energy, GeV 

twtynucleon kinetic energy in their center-of-mass frame, GeV 
frictional spectator interaction 

total number of projectile nucleus neutrons 
number of abraded neutrons 
number of abraded protons 

probability for not removing single nucleon by abrasion 
two-nucleon relative position vector, fm 
total number of projectile-nucleus protons 
number of abraded protons 

position vector of projectile along beam direction, fm 
collection of constituent relative coordinates for target, fm 
nuclear single-particle density, fm ” 3 
cross section, fm 2 or mb 

average nucleon- nucleon total cross section, fm 2 or mb 

abraded 

nucleon-nucleon 

nuclear 

projectile 

prefragment 

target 
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Abstract 


. ? Potential abrasion- ablation collision model is used to 

ca/cu/oie Aadromc dissociation cross sections for a I 4 . 6 A GeV 28 Si 
beam fragmenting in aluminum, tin, and lead targets. The frictional 

fZnt ZZ alZTf ™m P uted Jth tjJf- 

jerent formalisms for the energy-dependent mean free path These 
ZJnedJ C ° mparedmth experimental data and Jth estimates 

in a 1 / r ° m Semi€m P irica ^ fragmentation models commonly used 
in galactic cosmic ray transport studies. rnmoniy used 

Introduction 

Ration Mom , establish Iunar bases> 
these crews from the high-energy heavy ion comn m ° Un over the Possible harmful effects to 
and 2). To adequately LJ L 2 TnoZ T ^ C ° Smic ra ^ («*• 1 

required. A major source of uncer^n^ ^inZe rfd interactions in bulk matter is 

cross-section data base (ref. 3) used as input intr tvT J Z a ^ essments is tb e fragmentation 
base is sparse, and many of the datfare o anJ ^ ex P eri ™ntal data 

theories of nuclear fragmentation ^e^hamperet^rn^hei^dp 6 4) ' Hence ’ accurate 

high-quality experimental data. velopment by the paucity of relevant, 

two perspectives. AtThfmlL?^^^ fragmentati on models from 

being developed. The theory uses a detailed m ,« t ab rasion-ablation fragmentation theory is 
describe the abrasion (knockout) stage of the um ‘ mecl ’ amcal optical potential formalism to 
parameters are included in this modj Th ah' °i /' 7^ 6) ' N ° ari >“™% Rusted 
Carlo cascade-evaporation model („f, il” K T r® “‘“o' 1 th “ry uses a Monte 
particle emission channels. The details of the 1 \ pref ^ a S ment deexcitation through 

described in the next section. ° pl,cal P 0 * 6111 "* 1 ^on-ablation model are 

is still under developmenrand^™*^”^? 1 ” ' S j UfK>n <luantum scattering theory, it 
a transport code. iLead a IhltfcaZ computationally inefflcren, to use wifhin 

model (ref. 8) has been dk-dmZT 1 ttC T'T'Z' ^ion-ablation fragmentation 
This semiempirical formalism treats the abrasion lrans Port codes, 

to estimate the prefragment cross sectinnc; Tho ui y by using geometric arguments 

evaporation proLs. The ***?* by * T 

preffagment excitation energy. P ter a secon d-order correction to the 

Es,!mM« rpr^nZTS^jSi P° tenti f fragmentation model is described. 

14.6A GeV (kinetic energy of 13 7 A GeV) colliding tV, nS i ° F - beams at a total energy of 
predictions are compared with experimental m g a Um ' num ’ tin > and *ead targets. These 
in, ip, 2n, and 2 P %ro d u^oJ^ZT h ^ f ° r 

Laboratory (ref. 9). The effects or/the results of modify &t Brookhaven National 

(FSI) contribution to include an energy-dependent me the ^ nC / 10nal ‘ Spectator ' interaction 
tical model are investigated. For comparison nredi f ^ J Pa v. obtained from a nonlocal op- 
models of the Langley Research Center and ’the NavM? Zr Samiempirical fragmentation 
(See refs. 8 and ,0.) The agreement between ,h M ry and^n^t 


tn be the lack of detector acceptance corrections being applied to the 
of disagreement appears to be th 

data. 

collide with stationary target nuc colhsion This is the abrasion process. The 

volumes overlap and are sheared W prefragm e„t, continues its trajectory 

remaining piece of projectile ma ter ^ dynomics of the abrasion process 

with essentially its precollision velocity after tbe collision. This excess energy is removed 

the projectile prefragment is in an exc radiation and/or the emission of one or more 

in the ablation process by the emissio g rema ining nucleus is the nuclear fragment 

nuclear particles (e.g., nucleons or c^mpo “ sectfon is _. 
species which is experimentally detected an by abr8 sion, a 

^^--{:)0J^- T{b)r+z [nb)]Arr (1) 


where 


and 


T(b) = exp \-A t o (e) /(b)] 


-y 


.2 1 


[2B(e)\ 


( 2 ) 


(3) 


(b ) = { 2nB(er^ J «*» J ^ J * + ^ + fr) 

In equations (1) through (3), 
b impact parameter vector 

e two-nucleon kinetic energy in their center-of-mass frame 

target center-of-mass position in projectile rest frame 
internal coordinates of colliding nuclei, i = P or T 
mass numbers of colliding nuclei, i = P or T 

y projectile-nucleon-target-nuckon mlat^^epa^^wn^mctor ^ 

“ e T the pTameterixation in reference 11. 

parameter B(e) are obta , t Ascribe the distribu- 

tj oHS ^ t= * projectile protons and n out of N 
projectile neutrons are abraded where 


*0 

4i 

A, 

y 


N + Z = A P 

ApY — Ap — n — z 


( 5 ) 


and (3) denotes the usual binomial coefficient expression from probability theory. 
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Prefragment excitation energies are estimated from 


Eexc — E s + £ FSI 


( 6 ) 


refei4« e i2. U Thl ** “ S ' ne ‘ h<! clea "‘ cut abrasion model of 

either the model of ” T.T" * 

energy-dependent nuclear mean free nath nht • -i t . modlfied form which includes an 
Negele (ref. 14). P obtained from the nonlocal optical model results of 


In the Rasmussen model, the rate of energy transfer 


is 


dE _ a ^ E 

dx A 4A 


where 


yields 


A = 


1 


P a NN 


( 300 \ 

1 a NN ~ — I 


( 7 ) 


( 8 ) 


dE 


dx “ " 12 - 75 MeV / fm (9) 

If a spherieal nucleus of uniform dens.ty is assumed, the average energy deposited per interaction 


( 10 ) 


(Epsi) ss 10.2r4 1 /'* MeV 

which yields 31 MeV/FSI for a silicon projectile, 
the ‘mean path^' “ " a,S ° g ‘ Ve " ^ eqU, “ iC> " 


A = 16. 6E 


- 0.26 


(U) 


”o“ ,TrX“ n ° nIOCal ° PtiCal n ’ 0dC, reSUltS ° f "«■* (ref 14 > Therefore, e q ua- 

= ~ 0m5El26 (12) 

For a spherical nucleus with a uniform density, the average energy deposited per FSI becomes 

(Epsi) ss 0.0 \2§A l ^E l - 2& 

Assuming a relative kinetic energy of » 85 MeV for each FSI nucleon gives 

(Epsi) % 3.4A 1 / 3 ^ 

which yields 10 MeV/FSI for the silicon projectile. 

Therefore, the abrasion cross section for a prefragment snecies (7™ A \ u- u , 
undergone q frictional spectator interactions is (ref. 15) PF ’ PF WhlCh haS 


‘ r * br {Z?F - Apr ’ 5) = (" ^ 2 ) (1 - -PeseJ® <r abr ( Zpp , App) 


(15) 



where P C se is the probability that an abraded 

spectator interactions. In the present report, the choice ot r esc 
work of Rasmussen (ref. 13). 

Depending upon the magnitude of its ? ^ ^ {q) that a prefragment 

— s - - ‘ 

isotope is obtained from 

(16) 


n4-z 

a nuc (Z it a v {q) a&bT ( z i' A i' q ) 

Exclusive Channel Results 

Exclusive (specific) channel cross-section are^ivensepwately in 

abrasion-ablation fragmentation mo e es< cn channel cross-section predictions are 

tables 1 through 3 for e^h «£. “feS' g^n by egs. (10) and (14)). 

*tmTem^rM fr^nTatTmodela (refs. 8 and 10), commonly used for eosmic ray slnefdmg 
studies, are also shown. 

It is apparent from the. calculations 

obtained from different models and tr ™ the cross-section variations (e.g„ 

stage of the reaction result in a sensitivity suggest that exclusive channel 

rn 2 so that the underlying physical assumptions in the 
theories can be tested and verified or rejected. 

Inclusive Cross-Section Results 

Although exclusive channel ^oratory for In, Ip, 

been n-de ■ 

these semi-inclusive measurements, we sum rpar tions For example, the In semi- inclusive 
target for each of the relevant nucleon-emission + 26 A1 + p + n , 25 Mg + 2p + n, and 

calculation for an aluminum target is lp semi-inclusive calculation for 

24tvjq 4- + n exclusive channels from table 1. o Y’ 27 a 1 1 ^ 26 a 1 _i_ v n 

the lead target is the sum of the exclusive AanneUross ^ semi ^ clusive cross . 

25 A' + P + 2n, and 2 “AI + p + 3^^““ t^dlhe exSriZtal measurements reported in 
section calculations from tables 1 thro g , avvroximate values obtained directly 

reference 9 are listed in table 4 ' £££ of the oafeufated v^nes 

from figure 4 of reference 9. In general, except accuracy The typical cross-section 

rr ^ « not A , 
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Therefore, the observed trend that the est « '' 0 " corrocl ' d for deteetor acceptance, 

the measured ones is expected b eLLse (he exnt IT™ te ” d ‘° overestimate 

sections by some unknown amount In addition thT ^ UIlderestl mate the actual cross 
bias” (ref. 9) which requires a heavy f^Tt b^T 7°" T*™ include * digger 
products (Ip, In, 2 p, 2 n, etc.). Therefore it Ts noss h! TTZ SimuItaneousl y with the light 
the actual cross sections even further Resolution of t^ To ^ measured data underestimate 
the application of relevant corrections “ e— 

to E FS1 but are diffi C °iUtto^ h**’ & m ° derate sensitivd V 

because they each include contributions from several excteive^”ls fr " gme,,Utio ” m ° d '’ 1 

Concluding Remarks 

has^teen^deMribed'aiMf ap^^ n to^the^(jblem > oaii )e h tat T'' nteraCt * 011 T ra S mer >tation theory 
heavy targets. The prediction onxdus ve ^ chanlj I ° f S ' ii “ n baa ™ 

to the assumed FSI energies. Predictions oAnd 118 ^ f ° Und to be sensitive 

moderately sensitive to the assumed FSI enenri^'p^ SeCt \° nS were found to be only 

hampered by the lack of exclusive channel cm ° mpansons of theory to experiment were 
detector-acceptance corrections for the inclulive In lT'Z me J“ renlents Md b y ‘he lack of 
exclusive channel measurements and proper detectoi LeotZt ” data «««>* 

nrore meaningful, q ua„,ita,ive compares between t^td cl b 
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References 

1 G ”" d s ' ; — — 
and Interactions for Space Radiations. NASA RP-1257 1991 ' ’ ^ orbur h J °tn W.: Transport Methods 

2 ' ot ^M^o.'b*^1992,'^pp n ^^52 nter ^ ane * ar ^ ^ Estimates 

Parameter Variations on E^timatll’ ^ gZcHc e ' ^T' ^ W "' Effe ° tS of ^mentation 

NASA TM-4386, 1992, 1 C ° SmiC Ray Ex Posure- Dose Sensitivity Studies for Aluminum. 

4 l :;;r^ ^ for o«* Ray ^ 

Dunford, ed., World Scientific Publ. Co., 1993 ? Nuclear Data Evaluation Methodology , C. L. 

5. Townsend, L. W Wiknn 7 w . * T . 

Fragmentation. Canadian’ J. Physiol 6?^2, DeSCription of Ile -y Ion 

6 - Sss; •„ L::%it: ry ’ i 7> : c r p “ of Abrasion M ° dei 

no. 4, Oct. 1986, pp. 1491-1494. Geometnc Models. Phys. Review C, ser. 3, vol. 34, 

7. Morrissey, D. J.; Oliveira, L. F ■ Rasmussen l n . c u ^ ^ 

Macroscopic Model Calculations of Relativistic HekvwIon'FVamZn^r 1 V ’r Y " FVaenke1 ’ 2 : Microscopic and 

no. 16, Oct. 15, 1979, pp. 1139-1142. ® n a lon ^ eactl °ns. Phys. Review Lett., vol. 43, 

8. Townsend, Lawrence W.; Wilson, John W Trinathi Rj , rn M t . 

Perdous. HZEFROl. dn 


5 


p . . . Electrom agnetic Dissociation of 28 Si at E [a JA = 14.6 GeV by Nucleon 

9 ' A - 4, A P , -- “ rogs ^ ^ Applications to Nuclear 

eds., D. Reidel Publ. Co., c.1976, pp. 49 81. , . p k E p. ; a nd Cork, Bruce: 

11 Ringia, , E, Dobrowolski, T Scattering at 4.8 GeV/c. 

Differential Cross Sections for Small-Angle Neutro 

Phys. Review Lett, vol. 28, no. , • . - Sandoval A.; Stock, R.; and Westfall, G. D.: 

12. Cosset, J.; Gutbrod, H. H, Meyer, W. G, J C) vol . 16, no. 2, Aug. 1977, PP- 629-657. 

Central Collisions of Relativistic eav Abrasion-Ablation Calculations of Large Fragment 

13. Oliveira, Luiz F, Donangelo, p^' Review, ser. C, vol. 19, no. 3, Mar. 1979, pp. 826-833. 

, rr. - : . — - — - - - * - * - 

pp. 71-74. , Pf»lrulations of Hadronic Dissociation of 

* « = is 43 “ 5 ' M ‘ v ,w ' 


pp. R2045-R2048. 


6 


Table 1. Calculations of Exclusive Channel Hadronic Dissociation Cross Sections for 
Silicon Beams at 13. 7A GeV Kinetic Energy Fragmenting in Aluminum Targets 


Fragment 

channel 


Exclusive channel cross section, mb, from 

— 

Semiempirical model 

Present work using — 

Previous 
(ref. 15) 

NRL 
(ref. 10) 

HZEFRGl 
(ref. 8) 

Equation (10) 

Equation (14) 

27 Si + n 

99.1 

92.2 

60.6 

99.1 

99.1 

27 A1 + p 

99.1 

63.0 

60.6 

99.1 

139.6 

26 Si + 2 n 

17.9 

3.9 

0.4 

17.9 

17.9 

26 Al + p + n 

38.9 

56.6 

28.8 

42.0 

79.2 

26 Mg + 2 p 

17.9 

35.9 

57.9 

19.3 

17.9 

25 A1 + p + 2n 

1.5 

15.6 

2.8 

6.7 

30.4 

25 Mg + 2p + n 

13.8 

46.2 

61.4 

50.3 

64.9 

25 Na + 3 p 

0.3 

1.2 

5.9 

0.6 

4.2 

24 A1 + p + 3n 

0.1 

2.8 

0.3 

0.5 

6.1 

24 Mg + 2p + 2n 

30.7 

42.8 

25.4 

29.0 

37.9 

24 Na + 3p + n 

10.2 

13.0 

35.2 

11.4 

12.8 
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Table 2. Calculations of Exclusive Channel Hadronic Dissociation Cross Sections for 
Silicon Beams at 13.7 A GeV Kinetic Energy Fragmenting in Tin Targets 


Reaction 

channel 


Exclusive channel cross section, mb, from- 

— 

Semiempirical model 

Present work using — 

Previous 
(ref. 15) 

NRL 
(ref. 10) 

HZEFRG1 
(ref. 8) 

Equation (10) 

Equation (14) 

27 Si 4- n 

126.4 

324.3 

76.0 

127.3 

127.3 

27 A1 4- p 

126.4 

221.7 

76.0 

127.3 

185.0 

26 Si + 2n 

22.3 

5.7 

0.5 

22.7 

22.6 

26 A1 + p 4- n 

48.2 

83.8 

36.3 

53.6 

106.5 

26 Mg + 2 p 

22.3 

53.1 

72.9 

25.0 

22.6 

25 A1 + p + 2n 

2.1 

23.1 

3.7 

8.8 

40.0 

25 Mg + 2p + n 

20.1 

68.5 

79.4 

71.0 

64.7 

25 Na 4- 3 p 

0.4 

1.8 

7.6 

0.8 

5.5 

24 A1 4- p + 3n 

0.2 

4.1 

0.4 

0.6 

3.4 

24 Mg 4- 2p + 2n 

44.2 

63.4 

33.0 

43.1 

53.9 

24 Na 4- 3p 4- n 

14.5 

19.2 

45.8 

15.5 

. 

17.6 
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Table 3. Calculations of Exclusive Channel Hadronic Dissociation Cross Sections for 
Silicon Beams at 13. 7A GeV Kinetic Energy Fragmenting in Lead Targets 


Reaction 

channel 


Exclusive channel cross section, mb, from 

-- 

Semiempirical model 

Present work using — 

Previous 
(ref. 15) 

NRL 
(ref. 10) 

HZEFRG1 
(ref. 8) 

Equation (10) 

Equation (14) 

27 Si 4- n 

134.4 

342.8 

82.9 

134.4 

134.4 

27 A1 + p 

134.4 

234.3 

82.9 

134.4 

197.9 

26 Si + 2 n 

23.9 

7.0 

0.6 

24.0 

23.9 

26 A1 + p + n 

51.7 

102.9 

40.2 

56.6 

115.0 

26 Mg + 2 p 

23.9 

65.3 

80.6 

26.7 

23.9 

25 A1 + p + 2n 

2.3 

28.4 

4.1 

10.0 

43.3 

25 Mg + 2 p + n 

21.8 

84.1 

88.0 

80.6 

97.7 

25 Na + 3 p 

0.4 

2.3 

8.4 

1.0 

5.9 

24 A1 + p + 3n 

0.2 

5.1 

0.5 

1.5 

7.2 

24 Mg + 2p \ 2n 

47.5 

77.9 

36.7 

50.5 

56.4 

24 Na + 3 p + n 

15.6 

23.6 

51.0 

16.4 

18.1 
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Table 4. Inclusive Channel Cross Sections for 13. 7A GeV Silicon Beams 
Fragmenting in Aluminum, Tin, and Lead Targets 


Inclusive 

channel 

Inclusive channel cross section, mb, from — 

Semiempirical model 

Present work using — 

Experiment 
(ref. 9) 

Previous 
(ref. 15) 

NRL 
(ref. 10) 

HZEFRG1 
(ref. 8) 

Equation (10) 

Equation (14) 

Aluminum target 

1 V 

140 

138 

93 

148 

255 

138 

In 

162 

208 

186 

203 

256 

100 

2p 

62 

125 

145 

99 

121 

65 

2 n 

50 

62 

29 

54 

86 

31 

Tin target 

1 P 

177 

333 

117 

190 

335 

215 

In 

209 

496 

238 

267 

316 

150 

2p 

87 

185 

185 

139 

141 

95 

2n 

69 

92 

37 

75 

116 

42 

Lead target 

ip 

189 

371 

128 

203 

363 

305 

In 

224 

553 

262 

288 

365 

185 

2p 

93 

227 

205 

158 

178 

110 

2n 

74 

113 

41 

85 

103 

51 
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